The risks and damages related to the use of products, technologies and services of sanitary interest can be due to defects or manufacturing failures. Certain products already contain a certain degree of risk, which requires strict quality control in their production, distribution and use, as well as in the disposal of their waste in the environment. With continuous development in science and technology, medical devices must undergo intradermal irritation and testing for sensitization, cytotoxicity, and acute systemic toxicity. In health care, biotechnology aims to provide technology-based products or processes related to energy, food, and health, which are capable of stimulating new businesses, expanding exports, integrating the value chain and stimulating new demands for innovative products and processes, taking into account health policies. The present article was prepared by a bibliographical survey of the electronic databases PubMed, Lilacs, and Bireme. Cell culture testing can be successfully employed, as it is reproducible, rapid, sensitive, and financially accessible for performing in vitro toxicity testing. Thus, it has been possible to optimize the development phase of new products by decreasing animal use or even replacing them in certain tests. Some in vitro assays validated by the Organization for Economic Cooperation and Development in the area of health products have already replaced animal testing.
INTRODUCTION
Today, the world seems to be increasingly exposed to risks and hazards, particularly in relation to the Open Access production, distribution and use of health products, which can often create risks for the population [1] .
Risks and harmful effects related to the use of health products, technologies, and services may be due to manufacturing defects or flaws, misdiagnoses, incorrect prescriptions or intentional illicit acts on the part of manufacturers, sellers or service providers. Certain products have a certain degree of inherent risk or hazard, making the strict monitoring of their production, distribution and use, as well as disposal as waste in the environment, essential. Considering the large-scale production and active distribution of goods in a globalized economy, defective products placed on the market may lead to health risks that affect a population to an extent that extends beyond a country's borders [1, 2] .
With the continuous development in science and technology, these devices should undergo testing for biocompatibility or cytotoxicity, sensitization, intradermal irritation and acute systemic, among others, before being used in a clinical environment, in order to ensure their safe and effective use in humans [3] .
In recent years, the use of biotechnology has led to breakthroughs in the development of biomaterials and bioproducts for utilization as medical devices, such as devices developed to promote tissue repair and provide controlled release of drugs and biopharmaceuticals [4] .
In the Brazilian healthcare system, biotechnology is used to stimulate the generation and control of technologies. The consequent national production can be used to promote the competitive position of the Brazilian bio-industry within the international biotechnology community, being capable of generating new businesses, expanding exports, integrating the value chain and stimulating new demands for innovative products and processes [5] .
CONCEPTS

Biotechnology
According to the United Nations Food and Agriculture Organization definition, biotechnology can be applied to scientific and engineering principles for processing materials using biological agents and providing quality products or services [6] .
The National Council for Scientific and Technological Development (CNPq-Brazil) has defined biotechnology as the use of cellular systems to obtain products and develop processes. Biotechnology is associated with the use of modern molecular and cell biology techniques [5] .
The main objective of the Biotechnology Development Policy is "to promote and carry out actions to establish a suitable environment for the development of innovative products and biotechnological processes and to stimulate the increased efficiency of the national production structure, innovation capacity of Brazilian companies, absorption of technologies, generation of businesses, and expansion of exports" [6, 7] .
Biotechnology enables the modification and development of methods for diagnosing diseases and the improvement of new treatment techniques, such as those producing bioproducts and smart bio-materials. For this purpose, industries require several years to develop and perform safety tests before a product can be made commercially available. Food, cosmetic, pharmaceutical, or biopharmaceutical products require registration with a regulatory agency in Brazil: the National Health Surveillance Agency (ANVISA).
ANVISA, besides offering information about effectiveness and safety, plays a role in the process of product registration. It is also in the interest of ANVISA to receive information about studies that will be conducted in Brazil involving medications and other products developed within the country [8, 9] .
Medical Devices
Medical devices are health products intended for use in the human body for the prevention, control, diagnosis or treatment of a disease through means that cannot be reached by pharmacological, immunological, or metabolic medications. This is what distinguishes medical devices from medications, although both contribute to improving user's health and quality of life [10] .
For legal purposes, medical devices are products that come under the regime of producer liability.
However, they display a specific characteristic due to their function and the specific context in which they are used: they are products (materials or similar articles) designed for medical purposes (diagnosis, prevention, control, treatment, or alleviation of an illness or suffering) that cannot be attained through pharmacological, immunological or metabolic means [11] . A major innovation for Brazilian medical devices was the creation of the National Surveillance System for Medical Devices, which places additional obligations on manufacturers to report adverse effects. The purpose of the National Surveillance System for Medical Devices is to monitor devices after they have entered the market, to prevent injuries to patients, particularly recurrent injuries. Despite the various tests that medical devices are subjected to in the pre-marketing phase, it is not possible to control how these devices will behave when they are used on a daily basis or to predict possible injuries due to technical flaws, malfunctions, inaccuracies in the devices or even errors and gaps in their labeling and instructions for use [11] .
Relationship between Biotechnology and Medical Devices
The specific goals of biotechnology are to stimulate the national production of implantable medical devices (cardioverters, pacemakers, endovascular prostheses, heart valves, etc.); to stimulate the creation of specific mechanisms to encourage innovation and the transfer of technology, particularly in areas of cell therapy, tissue engineering, protein and drug-loaded polymers and nanotechnology; and to stimulate the amplification of technology parks to produce products and services related to reconstructive surgery (breast implants) available to private and public health networks [6, 11] .
The US Food and Drug Administration (FDA) has developed more than 200 new techniques for vaccines using biotechnology, including products for the treatment of cancer, diabetes, human immunodeficiency virus infection and acquired immune deficiency syndrome, as well as autoimmune disorders. These techniques, when associated with tissue culture procedures, can lead to professional specializations, generating jobs requiring higher qualifications [5] .
Based on the above definitions, biotechnology can be briefly defined as an area of knowledge that studies ways of using living organisms to solve a problem or create a useful product for humankind. Conversely, medical devices are medical equipment and products made from metal, rubber, glass or fabrics [11] [12] [13] [14] [15] .
Medical devices can be considered reusable or for single use. To safely reuse these materials, reprocessing is required, which includes cleaning and disinfection or sterilization of the device, along with quality control at all stages of its use, to ensure safety [16, 17] .
Single-use or reusable items are made from plastics or elastomers, which are sensitive to heat, and are acquired by health institutions after being packaged and sterilized [18] [19] [20] [21] [22] .
Biocompatibility
The biocompatibility of a medical device is the ability to self-react when directly or indirectly placed in contact with the human body [23] [24] [25] [26] . Biocompatibility plays a key role and ensures that materials are safe to use in the human body and in endogenous fluids. Biocompatible materials are defined as those that do not induce an inflammatory response and must possess extreme immunogenicity or immunocytotoxicity to native cells, tissues or live organs [27, 28] .
Safety and Efficacy of Health Products
Health products must be designed and manufactured in such a way that their use does not compromise the clinical condition or safety of patients, the safety and health of operators or, where applicable, of other people when used under appropriate conditions and for specific purposes. Benefits to patients should outweigh possible risks, which should be reduced to a level compatible with health safety and protection [9] [10] [11] .
Health products must be manufactured in a way that guarantees their characteristics and perfor-mance. Therefore, special attention should be paid to the following: a) Selection of the used materials, particular regarding their toxicity, and where applicable, flammability b) Compatibility of the used materials and compatibility between materials and biological tissues, cells and body fluids, according to the intended use of the medical device Health products must be designed, manufactured and packaged in a way that minimizes the risk presented by contaminants and residues to people involved in their transport, storage, and use, as well as to patients, considering the intended purpose of the product. Special attention should be paid to exposed tissues and the duration and frequency of exposure [15, 18] . Health products must be designed and manufactured in a way that the risks associated with derivative substances released from these products are reduced to a minimum [19] .
Regulation and Standardization of Health Products
For any country, the guiding principles that encompass the regulation of medical items and biomaterials include the adoption of a manufacturing quality system and the application of technical standards for safety and efficacy based on a consistent approach through the use of internationally recognized technical standards and practices [29] .
Standards are documents that represent a standardization of tests, methods, materials, items or procedures that have been widely validated both scientifically and technologically. Most regulatory bodies review and update their documents every five years [16] .
International agencies, such as the American Society for Testing and Materials (ASTM), International Organization for Standardization (ISO), Organization for Economic Co-operation and Development (OECD) and the Brazilian Association for Technical Standards (ABNT) describe tests and trials, parameters, methodologies and conditions, and how data obtained with a test sample should be analyzed. Inter-laboratory validation of tests involves repetition of the method in various laboratories, which must agree with the degree of accuracy. Once standardized, this method may be used in any other laboratory, because the level of detail used is sufficient to ensure that different facilities obtain similar results for the same samples [16] .
Both national and international standardization organizations exist. Regardless of their scope, they have representatives involved in the sector through the formation of technical committees that examine and organize the needs of each sector, developing and approving standard projects, which are later published. The final approval foresees the provisional design of standard projects among all interested parties, allowing for comments. After reading and reviewing the comments, the committee will draw up the final text, which will be approved, registered and published as a standard. Internationally, the main standardization agencies are the ISO and International Electrotechnical Commission. The implementation of international standards is not mandatory for member states of these organizations, contrary to the case of regional documents prepared by different nations [10, 24] .
Since the emergence of biomaterials in the market, the need for regulations to ensure their safety and efficacy has been evident. Safety data are obtained from tests that evaluate medical items and biomaterials according to biological, physicochemical and mechanical parameters. These tests follow the guidelines of regulatory agencies, such as the US FDA and ANVISA. These guidelines are set based on specific rules and standards of organizations and agencies such as the ISO, ASTM, US Pharmacopeia (USP) and other relevant pharmacopeia [24] .
Biological Evaluation of Biomaterials and Medical Devices
Currently, most regulatory activities within the scope of biomaterials are associated with ISO 10993, which refers to the biological evaluation of medical devices, and with the considerations of Technical Committee 194, which refers to the group of organizations that participate in the elaboration and updating of the ISO.
Standard "ISO 10993-1: General Principles" is the recommended starting point for biocompatibility evaluation, because it presents the fundamental principles that govern the biological evaluation of biomaterials and biomedical devices. In 1992, the ISO published a standard that harmonized previously published guidelines: Tripartite Agreement (Canada, England, and the USA), the ASTM, the British Standards Institute, and others [24] .
ISO 10993 for "Biological Evaluation of Medical Devices" consists of several standards that are continually updated, revised, and expanded; it currently contains 20 parts that have been updated since 2010. It includes guidelines from the characterization of each material or medical device to the appropriate selection of necessary tests and specific technical requirements for each biocompatibility test, as displayed in Table 1 . Part 1 refers to the guidelines for selecting tests, part 2 addresses the requirements for animal well-being, and parts 3 to 20 mention guidelines for specific test procedures.
The implantation of any kind of material in the human body induces a typical response that depends on specific factors, such as the shape, size, geometry and surface characteristics and material properties. All these factors are related to various aspects of the recipient organism, such as age, immunological sensitivity, general health status and area of application or implantation.
The biocompatibility of a material takes into consideration all these interactions. For this purpose, several biological tests are described in ISO 10993. According to the standard, tests should be performed on materials or final products in conditions of use, and when there is any change in raw materials, processing, sterilization or clinical indication, the biomaterials need to be re-evaluated. For final products, the results of individual component tests are important, which should be performed because, in the event of any adverse effect, traceability becomes possible and the problem can be identified.
Biocompatibility evaluation is, therefore, one of the key tests required by regulatory agencies when submitting products for registration and quality control. The evaluation is performed through specific tests that are grouped based on animal models and in vitro techniques, which are complementary, to ensure a reliable result. 
Health Surveillance
The Health Surveillance Agency acts on risk factors associated with products, materials, and services related to health, the environment, and the working environment. In recent decades, the dissemination of government actions and mechanisms designed to protect consumers' rights have resulted in increased efforts to ensure the quality and reliability of products [28] .
The actions of the Health Surveillance Agency should promote and protect population health by intervening in health problems arising from the environment, the production and movement of goods or the provision of health services.
Legislation
In compliance with ISO 10993, an in vitro cytotoxicity assay is the first test to evaluate the biocompatibility of materials for medical use. In vitro methods have advantages over in vivo methods, since they reduce the number of animals needed for experimentation, yield important data easily, and in many cases, they take less time to be completed. Studies that use alternative in vitro methods with cell cultures to replace in vivo methods can be successfully completed because they are reproducible, faster, sensitive, and affordable [14] .
An in vitro cytotoxicity assay using the agar diffusion method perfectly fits into the 3 R's rule, refinement, reduction, and replacement, of in vivo assays for in vitro assays using cell cultures.
The latter is quick to implement, displaying high reproducibility, low cost, high sensitivity and reproduces, as much as possible, physiological conditions similar to in vivo assays [13, 14] .
Thus, sanitary surveillance should study possible toxic effects caused by health products to minimize and even prohibit their use, if they are proven to be cytotoxic.
Our goal herein was to evaluate which in vitro cytotoxicity assays are commonly used to evaluate medical devices as a warning regarding the greater reliability of these health products.
METHODOLOGY
The literature review was conducted in November 2016 through an online search of the following scientific electronic databases: PubMed, LILACS, and BIREME. The keyword searched for was biomaterials, and, because of the thousands of papers found, the search was refined using the following keywords, which were spelled either in English or Portuguese: biomaterial/biomaterials, biocompatibilidade/biocompatibility, citotoxicidade in vitro/in vitro cytotoxicity.
A total of 3366 papers resulted from the refined online search. Detailed analyses of these papers indicated that only 40 were related to the present study.
RESULTS AND DISCUSSION
The online search performed on all three databases resulted in a total of 3366 papers, of which 1006 (30%) were related to the descriptor Biomaterial, while 1765 (52%) were related to Biomaterials × Biocompatibility, 439 (13%) to Biomaterials × in vitro Cytotoxicity, and 156 papers (5%) to Biomaterials × Biocompatibility × in vitro Cytotoxicity [ Table 2 ].
In recent years, biotechnology has been used in various economic sectors, particularly in the human and animal health sectors, thereby increasing competitiveness among companies. Investments by industries in the field of biotechnology are huge, and several years of development and safety tests are needed before a product is ready for release in the market. An example is pharmaceuticals or other therapeutic application products, which require registration with the regulatory body, ANVISA in Brazil, thereby ensuring the rigorous evaluation of their safety level and biocompatibility. Typically, the release of a health product for clinical use will depend on a rigorous preclinical evaluation performed through a series of laboratory tests. In the past, these tests almost always involved experimentation on laboratory animals. In vivo tests are still being widely discussed, mainly when they involve practical and ethical issues, in the search for alternative methodologies that precede or supersede in vivo tests.
In vitro tests, so-called because they involve cell cultures and tissues, are excellent technical alternatives. Some in vitro tests have already been validated by international standards for the evaluation of products for use in clinical practice. The choice and interpretation of the methodologies used are critical for analyzing the results and predicting the success or failure of a product. This may be why there are still controversial data in the literature. With this in mind, ISO 10993 offered a set of standards for evaluating the biocompatibility of a medical device, enabling warnings to consumers of risks related to new health products.
Methods for In Vitro Cytotoxicity Analyses
With increasingly rigorous controls regarding the use of laboratory animals, there is a need to develop and standardize in vitro tests that can detect the toxicity of medical devices for use in humans, mainly because they should not cause adverse effects to or harm patients [29] [30] [31] [32] [33] [34] [35] [36] .
Some in vitro methods are used to evaluate the toxicity of medical devices standardized by using cell cultures [37] [38] [39] [40] . Methods involving cell cultures can be successfully employed because they are reproducible, fast, sensitive and easy to execute during an in vitro biocompatibility evaluation [41] . Nevertheless, due to the increased types of medical devices to be evaluated, there is a need to study new methodologies and choose among them those that can better detect the potential toxicities that these materials may display [42, 43] .
According to ISO 10993, in vitro cytotoxicity assays were the first tests used to evaluate the biocompatibility of any material used in medical devices. After the material has been proven to be non-toxic in vitro, follow-up biocompatibility tests can be performed in laboratory animals, if necessary [44, 45] .
In Vitro Cytotoxicity Assay by the Agar Diffusion Method (Indirect Contact)
The use of mammalian cell cultures in the biological evaluation of medical devices was first described in 1965, by Rosenbluth et al. [46] . Additional methods were published by Guess et al. the same year, and
Northup, in 1986 [45] , revised past and subsequent publications and emphasized the sensitivity and correlation between cell culture assays and biological reactivity in relation to in vivo biological reactivity assays for the biological evaluation of plastics. Since the 22 nd USP review, the agar diffusion test has been introduced as an in vitro biological reactivity assay to assess the safety of plastics for medical use [15, 47, 48] .
In the indirect contact assay, cells are grown as a monolayer in a 6-well culture dish and covered with a layer of agar [49] . The test sample is simultaneously placed on the top of the agar with neutral red dye and is incubated for 24 h at 37˚C and 5% CO 2 . Throughout this period, if chemicals from the test material are toxic, they diffuse through the agar and penetrate the cells, being deposited in cellular lysosomes. This causes the thin lysosomal membrane to break down and release the dye, forming a halo in the cell culture. The bigger the halo, the greater the diffusion of toxic chemicals released from the test material. The function of the agar layer is to protect cells from physical damage that could be caused by direct contact with the tested material and to facilitate the diffusion of chemicals released from samples containing polymers. The neutral red dye added to the cell culture is quickly taken up by viable cells stored in lysosomes. During necrosis, stained cells release the dye, resulting in areas containing decolorized, dead cells. J. Biomedical Science and Engineering
In Vitro Cytotoxicity Assay by the Direct Contact Method
In compliance with the ISO standard method 10993-5, the in vitro cytotoxicity assay by the direct contact method was designed for plastics and chemicals, but was not suitable for high-density molecular materials, since these may cause physical cellular damage when in direct contact with cells. This methodology is similar to the agar diffusion test, although the samples to be tested can be chemical substances that will be placed on a filter paper, which will then be placed in direct contact with the cell culture, without the use of agar. The test sample comes into direct contact with the cellular monolayer, indicating the toxicity of the sample [44, 45] .
In Vitro Cytotoxicity Assay by the Elution Method
In compliance with ISO 10993-5, the in vitro cytotoxicity assay by the elution method is suitable for evaluating extracts from polymeric materials. In this method, sample extractions at varying time intervals and at physiological and non-physiological temperatures can be evaluated. This method is also suitable for high-density materials and for establishing dose-response curves.
For use in this methodology, the sample should be prepared as described in the preparation of extracts using an injectable solution of sodium chloride (0.9% NaCl) or serum-free culture medium according to the ratios described in ISO 10993-12 [45, 47] .
Neutral Red Assay
The neutral red assay measures cell viability based on lysosomal activity. Only lysosomes in viable cells retain neutral red; therefore, it is possible to distinguish stained viable cells from decolored, damaged or dead cells. After diluting neutral red dye in an ethanol/acetic acid solution, lysosomal activity is measured at 540 nm in a spectrophotometer [48] [49] [50] [51] .
MTT Assay
The measurement of mitochondrial dehydrogenase activity, also known as the 3-bromide (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium test (methyl thiazolyl tetrazolium, MTT), ensures the rapid evaluation of cell proliferation. This is a colorimetric assay for assessing cytotoxicity by measuring cell metabolism. Mitochondrial dehydrogenase present in the cytochrome b and c sites of living cells can cleave the tetrazole ring and the yellow water-soluble MTT formed is then reduced to form purple crystalline formazan. This substance is soluble in dimethyl sulfoxide (DMSO) and other organic solvents, but insoluble in water. The amount of crystals formed is positively correlated to the number of cells and their activity, and the measurement of the colorimetric value of the absorbance (optical density) reflects the number of surviving cells and metabolic activity [48] .
Validation and Test Results
The validation of in vitro cytotoxicity assays for the agar diffusion, direct contact and elution methods is based on cell responses to treatments compared with negative and positive controls. The negative control, which is a non-toxic polypropylene plastic (USP), should show the absence of cytotoxicity (grade 0), whereas the positive control, a toxic plastic, should show a clear cytotoxic reaction (≥grade 3).
The agar diffusion and direct contact methods provide a qualitative evaluation of in vitro cytotoxicity.
The degrees of cytotoxicity of these methods are described in Table 3 , taking into account the affected areas.
The degree of cytotoxicity of extracts in the elution assay is described in Table 4 and is based on the cellular morphological description. The sample is considered toxic if the values for the degrees of cytotoxicity displayed in Table 3 and Table 4 are greater than 2.
Qualitative tests consist of evaluating cellular morphology through descriptions,while quantitative tests quantify the number of cells and cellular activity after exposure to the tested material (ISO 10993-5).
For quantitative assessment, two tests are usually chosen to evaluate in vitro cytotoxicity: the neutral red and MTT assays. The cell viability test using neutral red was developed by Babich and Borenfreund in [51] and is based on the uptake of neutral red, which is a weak cationic dye, by lysosomes in living cells. This is a colorimetric test that assesses the color intensity of neutral red incorporated into and later extracted from viable lysosomes, which is directly proportional to the number of viable cells. To measure cell viability, the following formula is used:
where extract OD is the average of optical densities of samples incubated with 100% of the extract and control OD is the average of the optical densities of samples incubated in the cell culture medium. Thus, for a test sample to be considered non-cytotoxic, it must present a value greater than 70% compared to the control. The cytotoxicity index (CI 50 ) is the concentration that kills 50% of cells in the assay and is determined based on the concentrations used in the dose-response curve. The principle of the MTT assay is based on the mitochondrial dehydrogenase present in the cytochrome b and c sites of living cells that can cleave the tetrazole ring, and the yellow water-soluble MTT formed is reduced to form purple crystalline formazan. This substance is soluble in DMSO or other organic solvents, but it is insoluble in water. The cytotoxicity test using agar diffusion is a qualitative assay that can be used for materials with different physical constitutions, including oily materials such as cosmetics, due to its feasibility and convenience [49] . However, although the neutral red assay is a quantitative test, which enables the calculation of the cytotoxicity index, the extraction of potential toxic elements or compounds is performed in an aqueous medium, which makes the analysis of certain materials difficult [48] . On the other hand, as stated by Sehnem [41] , both qualitative and quantitative methods are equivalent and the choice of the most appropriate method must be made according to the type of analysis being conducted, i.e., qualitative when using the agar diffusion method or quantitative when performing the neutral red incorporation assay [41] .
In general, cytotoxicity evaluation can be performed using qualitative or quantitative methods. Qualitative methods consist of evaluating cellular morphology through the description of scores, whereas quantitative methods are characterized by the quantification of the number of cells and their metabolic activity after exposure to the material being tested. The most appropriate method must be selected based on the type and intended use of the sample being evaluated and the availability of equipment in laboratories.
FINAL COMMENTS
Cytotoxicity tests are one of the most important indicators of an in vitro biological evaluation system. Furthermore, because of advances in cell biology, experimental methods to assess cytotoxicity are being continuously developed. An in vitro cytotoxicity evaluation of certain medical devices can show changes in cell morphology, proliferation and differentiation, as well as the interaction between cells and the material.
Cell cultures assays can be successfully performed because they are fast, reproducible, sensitive and affordable as in vitro biocompatibility studies. Moreover, they represent an important step in the development of new products by evaluating cytotoxic effects, thereby enabling formulations to be adapted where necessary. Thus, the new product development phase is optimized, in addition to the reduction in the number of animals required for the in vivo evaluation phase. Some previously OECD-validated in vivo tests for health products have replaced in vitro tests.
An important relationship is verified between cytotoxicity assays and the principle of the 3R's (reduction, refinement, and replacement) advocated by Russel and Burch.
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